Many major marine bacterial lineages such as SAR11, Prochlorococcus, SAR116, and 35 several Roseobacter lineages have members that are abundant, relatively slow-growing, 36 and genome-streamlined. The isolation of phages that infect SAR11 and SAR116 have 37 demonstrated the dominance of these phages in the marine virosphere. However, no 38 phages have been isolated from bacteria in the Roseobacter RCA lineage, another 39 abundant group of bacteria in the ocean. In this study, seven RCA phages that infect 40 three different RCA strains were isolated and characterized. All seven RCA phages 41 belong to the Podoviridae family and have genome sizes ranging from 39.6 to 58.1 kb. 42 Interestingly, three RCA phages (CRP-1, CRP-2 and CRP-3) show a similar genomic 43 content and architecture with SAR116 phage HMO-2011, which represents one of the 44 most abundant known viral groups in the ocean. The high degree of homology between 45 CRP-1, CRP-2, CRP-3 and HMO-2011 resulted in contribution of the RCA phages to 46 the dominance of HMO-2011-type phage in the ocean. CRP-4 and CRP-5 are similar 47 to the Siovirus roseophages in terms of gene content and organization. The remaining 48 two RCA phages, CRP-6 and CRP-7, show limited genomic similarity with known 49 phages and appear to form two new phage genera. Metagenomic fragment recruitment 50 analyses reveal that these RCA phage groups are much more abundant in the ocean 51 compared to most existing marine roseophage groups. The characterization of these 52 RCA phages has greatly expanded our understanding of the genomic diversity and 53 evolution of marine roseophages. Metagenomic fragment recruitment analyses suggest 54 the critical need for isolating phages from the abundant but "unculturable" bacteria in 55 the marine ecosystem.
Background 68
Viruses are abundant and infectious to microorganisms in the sea, outnumbering 69 bacteria by an order of magnitude [1, 2] . The majority of marine viruses are 70 bacteriophages whose hosts (bacteria) are the most abundant living organisms in nature Podoviridae family ( Fig. 1b and Fig. 2 ). Taken together, these results suggest that RCA 170 roseobacters are subjected to phage infection by diverse podoviruses (non N4-like 171 podoviruses), a scenario different from the known roseophages that infect readily 172 cultivated marine roseobacters [27] . Among the 32 known roseophages, siphoviruses 173 and N4-like podoviruses dominate the current isolates [27] . packaging, and they are arranged in a conserved order ( Fig. 2a ). There is no significant 186 genomic feature that distinguishes these three RCA phages from SAR116 phage. Only 187 three genes were observed to be exclusive to these three RCA phages, including a 188 thymidylate synthase gene, a tail fiber gene and a gene encoding an unknown function 189 protein (ORF47 in CRP-3). Phage tail fibers are responsible for host specificity. The 190 variation in tail fiber genes between the RCA phages and the SAR116 phage suggests 191 an adaptation of phages to different host systems. Based on the criteria of >40% and >20% 192 of shared genes for genus and subfamily discrimination [33] , respectively, CRP -1, 193 CRP-2 and HMO-2011 can be grouped into a genus that was designated as the putative 194 HMO-2011virus genus. CRP-3 is more distantly related and can be classified with CRP- 195 1, CRP-2 and HMO-2011 at the subfamily-level ( Fig. 1b) . Although HMO-2011-type 196 phages is among the most abundant known viral groups in the ocean [10] , HMO-2011 197 has no counterparts among currently known phages. The high genomic homology 198 among CRP-1, CRP-2, CRP-3 and HMO-2011 suggests a close kinship between the 199 RCA phages and the SAR116 phage. 200 The close relationship between the three RCA phages and HMO-2011 is also 201 evident based on the DNA polymerase gene, a gene that is particularly conserved 202 among marine podoviruses [34] . The amino acid sequences of the DNA polymerases 203 of these three RCA phages are 40 to 67% identical to that of HMO-2011.The DNA 204 polymerase gene phylogeny shows that CRP-1, CRP-2 and HMO-2011 cluster into one 205 group, while CRP-3 forms its own branch adjacent to this group (Fig. 1c) . The HMO-206 2011 DNA polymerase possesses an unusual domain architecture, with a partial DnaJ 207 domain located between the exonuclease domain and the DNA polymerase domain [10] . 208 The DNA polymerases of these three RCA phages also exhibit this unusual domain 209 structure, and contain two CXXCXGXG motifs in the partial DnaJ domain (See the box 210 in Fig. 1c ). CRP-1, CRP-2 and CRP-3 all encode a tyrosine integrase upstream of the 211 DNA replication and metabolism module, which shares 35 to 63% amino acid identity 212 with the HMO-2011 integrase. Integrase genes typically occur in the genomes of 213 temperate phages and are responsible for site-specific integration. The presence of an 214 integrase suggests that these phages possibly undergo a lysogenic life cycle. We 215 demonstrated that CRP-3 can integrate into a tRNA-Met (CAT) site in the FZCC0040 216 genome (Additional file 1: Figure S2a ), suggesting that CRP-3 reproduction occurs via 217 lytic and lysogenic cycles. The core sequence overlaps the 3' end of the host tRNA-
218
Met gene (Additional file 1: Figure S2b ). However, the integration sites of CRP-1 and 219 CRP-2 in FZCC0023 have not yet been identified; thus, it is still unknown whether 220 CRP-1 and CRP-2 also have a lysogenic life cycle.
221
These results suggest that HMO-2011-type phage (at the subfamily-level) can 222 infect a broad range of bacterial hosts. It is interesting that within the HMO-2011virus 223 genus, members infecting SAR116 and RCA roseobacters are strikingly similar. The 224 high sequence homology between the RCA phages and SAR116 phages raises a 225 concern on potential overlaps among these phages on viromic fragment recruitment 226 (see the later section Viromic fragment recruitment analyses of RCA phages) 227 It is general observed that phages infecting the closely related hosts appeared to be 228 more closely related and a recent phage phylogeny analysis suggested that phage genera 229 usually infect bacteria within the same family [35] . By contrast, in our study, closely 230 related HMO-2011virus phages were observed to infect both SAR116 and RCA 231 bacteria, which belong to two distinct orders. SAR116 and RCA both possess high 232 population densities [12, 13, 21, 22, 36] , are therefore among the most common phage 233 hosts in the ocean. In addition, SAR116 and RCA display a similar distribution pattern 234 in the global ocean, are both predominate in temperate and polar ocean [13, 22, 36] . 235 Considering the high population densities of SAR116 and RCA, our results imply that 236 common ancestors of these phages were more likely to collide with these abundant 237 bacteria by chance and evolved to gain the ability to attach and take control of host 238 machinery. Thus, the genome sequences of these RCA phages provide important clues 239 for understanding the evolution and taxonomy of this important phage group.
241
Two RCA phages are closely related to Siovirus roseophages.
242
CRP-4 and CRP-5 share similar genome content and architecture with the roseophages 243 SIO1, P12053L, ICBM1 and ICBM2, which infect Roseobacter SIO, Celeribacter sp. 244 strain IMCC12053 and Lentibacter sp. SH36, respectively [28, 37, 38] ( Fig. 2b ).
245
Although these roseophages are related to the phages of the Autographivirinae 246 subfamily from an evolutionary perspective, they were previously classified as an 247 unassigned Podoviridae group because they all lack a phage-encoded RNA polymerase 
259
Siovirus roseophages are further separated into two well-supported subclusters, with 260 CRP-4 and CRP-5 clustering with ICMB2, SIO1 and P12053L forming a distinct 261 subcluster. (Fig. 1c ). CRP-6 appears to be closely related to Cellulophaga phage phi38:1 and Salinivibrio 268 phage CW02 based on the DNA polymerase phylogeny ( Fig. 1c ), CRP-6 only shares 269 few genes with phi38:1 and CW02 at the genomic level. Therefore, in this case, the 270 DNA polymerase gene phylogeny does not reflect the genomic evolution of CRP-6.
271
The genome of CRP-6 appears to be highly mosaic, as it shares the DNA replication 272 genes with some podoviruses, but shares its structural genes with other types of phages.
273
For example, the CRP-6 primase/helicase gene is most closely related to those found in 274 Siovirus roseophages; the DNA polymerase gene of CRP-6 is mostly related to that of 275 Cellulophaga phage phi38:1; the capsid gene of CRP-6 is similar to that of 276 roseosiphovirus RDJL Phi 1; and the tail fiber gene of CRP-6 is similar to that of 277 cyanomyovirus S-CAM7. CRP-6 encodes a terminase large subunit-like protein with 278 homologs found in some bacterial genomes.
279
CRP-7 has the largest genome size among the seven RCA phage isolates ( Table 1) .
280
The CRP-7 genome is 58.1 kb in length, consisting of 73 predicted ORFs and a tRNA- Novelty of the RCA phages 301 We built a gene-content-based network to illustrate the relationship of RCA phages to 302 other phages in the Podoviridae family (list in Additional files2: Table S1 ). The seven Malaspina Expedition virome (ME) and Global Oceans Viromes (GOV) were used for the recruitment analyses (Additional files2: Table S3 ), which cover a wide range of 373 marine habitats. The HMO-2011-type phage group (at the subfamily-level, here 374 including HMO-2011virus phages and CRP-3) was the most abundant known phage 375 group in most of the marine viromes ( Fig. 4 , Additional file 1: Figure S6 ). These data 376 are consistent with the previous finding that the phage type represented by HMO-2011 377 is among the most abundant viral groups in marine viromes [10] . We also noticed that 378 the reads assigned to CRP-3 only account for approximately 10% of the total reads 379 assigned to this group (data not shown), suggesting that phages closely related to CRP-380 3 are not a dominant type. Our results explain the high abundance of the HMO-2011-381 type group in the ocean, as phages in this group could infect diverse groups of bacterial 382 hosts. Due to the high sequence homology between the RCA phages and HMO-2011, 383 it is obvious that the RCA phages, and probably other undiscovered marine phages also 384 contribute to the abundance and diversity of the HMO-2011-type group.
385
In the HMO-2011virus genus, RCA phages CRP1 and CRP-2 cannot be well 386 separated from HMO-2011 based on the genome content and sequence identity ( Fig.   387 1b, 1c and Additional file 1: Figure S3 ). In most shared ORFs, CRP1 is more similar to 388 HMO-2011 than to CRP-2 and CRP-3 (Additional file 1: Figure S3 ). The read Figure S4 and Additional file 1: Figure S5 ). In addition, similar to a previous study [10] , 395 the majority of recruitments were phage genes associated with DNA metabolism and 396 replication, structure and DNA packaging, which are conserved among CRP-1, CRP-2 397 and HMO-2011 (Additional file 1: Figure S4 ). Taken together, the results of our study 398 suggest that it is difficult to separate the viromic reads assigned to the SAR116 phages 399 and RCA phages within the HMO-2011virus genus. 400 We also performed the phylogenetic placement of the translated DNA polymerase 401 sequences from POV datasets. In total, 5794 POV reads assigned to HMO-2011virus 402 DNA polymerase and CRP-3 DNA polymerase were placed to the DNA polymerase 403 reference tree (Fig. 5) . The DNA polymerase gene phylogeny reveals that HMO-2011-404 type group contains remarkably diverse subgroups (Fig. 5) , and a significant fraction of 405 these DNA polymerase reads were placed near the reference sequence for HMO-2011, 406 CRP-1 and CRP-2 ( Fig. 5 ), suggesting that SAR116 and RCA roseobacters are probably 407 two most important hosts for HMO-2011-type phages.
408
CRP-4 and CRP-5 are affiliated with the Siovirus genus which is widely distributed 409 and is among the top most abundant phage groups in marine viromes. Roseophage SIO1 410 was previously found to be abundant in the POV datasets [9], and is ubiquitous in 411 marine metagenomic datasets [38] . In our analyses, the results show that the relative 412 abundance of Siovirus was comparable with those of pelagiphage HTVC019Pvirus and 413 T4-like cyanophages in the upper ocean viomic datasets of POV, SPV and IOV (Fig.4a ), 414 and Siovirus was the second most abundant phage group in the coastal viromic datasets 415 (Fig.4b) . In GOV datasets, we observed that Siovirus exhibited significant lower 416 abundance (Additional file 1: Figure S6 ). were comparable with HTVC019Pvirus pelagiphages and T4-like cyanophages (Fig. 4) .
422
Among these four RCA phage groups, CRP-7virus was the least present in the marine 
Methods

Determination of CRP-3 integration sites 558
The integration sites of CRP-3 were identified by following a strategy described in a 559 previous study [52] . Briefly, DNA of phage-infected cells was sequenced using the 560 Illumina HiSeq 2500. The raw reads were quality filtered, trimmed and mapped to the 561 CRP-3 genome using CLC Genomic Workbench 11.0.1. Sequences that mapped to the 562 CRP-3 genome were manually inspected to detect the phage-host hybrid sequences.
563
The resulting hybrid sequences were analysed to identify the integration sites and their were designed based on the predicted attL and attR sites. Center for Biotechnology Information (NCBI) (Additional files2: Table S1 ). All India Ocean Virome (IOV) and Malaspina Expedition virome (ME) were used for 611 phage reciprocal metagenomic fragment recruitment analysis (Additional files2: Table   612 S3). The analysis was performed according to procedure detailed in a previous report 613 [9], the detailed steps are as follows: 
631
Due to the large amount of sequencing data in the Global Oceans Viromes (GOV) 632 datasets (>500G), a different strategy was used to determine the relative abundances of 633 different phage groups in GOV. GOV reads were recruited onto the phage genomes 634 (Additional files2: Table S4 ) using BLASTx with an e-value cutoff of 10 -10 . If a read 635 was recruited to more than one phage genome, the read was associated with the phage 636 that provided the highest bitscore. 
